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affect the characteristics of the various wings at vanishing or
small flap deflection angles. The asymmetric leading edge had
a lower aerodynamic efficiency (Fig. 6) than the symmetric
one (Fig. 5),, whereas the concave leading edge increased the
aerodynamic efficiency at positive angles of attack (Fig. 7).
The difference between the aerodynamic characteristics of
the flapped wings at negative and positive angles of attack,
as mentioned before, and Rao's suggestion that leeward de-
flections could improve the wing performance, led to the in-
vestigation of the inverted flapped wing, because the flap
hinges were not designed for large upward, or leeward, de-
flections. Although the wing was not designed to operate in
an upside-down position, it was assumed, that as the leading-
edge shape affect was small, the trends of leeward-deflection
effects could be at least qualitatively evaluated. Generally
speaking, the results of the leeward flap deflection were an-
tisymmetrical to those of the downward deflection that were
described above. aQL became negative which caused the lift
at positive angles of attack to increase. The drag increased
significantly with all the flaps at angles of attack above 4 deg.
The maximum aerodynamic efficiency was obtained when the
flaps were not deflected. The aerodynamic efficiency of the
configurations with windward deflections was higher than those
with the leeward flap deflections. However, this result must
be qualified because the generic wing is asymmetrical, and
has different efficiencies at negative and positive angles of
attack.
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Introduction
C ONTROL and utilization, or alleviation, of the dynamic-stall-induced aerodynamic loads which appear on heli-
copter rotor blades, and on rapidly moving conventional air-
craft wings or control surfaces, will require a much greater
understanding of the character of the unsteady flowfield that
occurs on these aerodynamic surfaces than is currently avail-
able. The complexity and rapidity of the flow development
during dynamic stall as well as the large pressure gradients
that form near the leading edge make quantitative measure-
ment very challenging and difficult; the need for a clearer
understanding of the effect of compressibility on the dynamic
stall process further complicates this difficult task. However,
traditional experimental techniques for analyzing aerody-
namic flows are limited at compressible flow speeds; exper-
imental data at these conditions on dynamically stalling air-
foils has usually been restricted to surface measurements of
pressure and skin friction. Interferograms showing the flow
away from the surface of rapidly pitching airfoils have been
obtained using holographic techniques.1 However, the post-
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processing associated with the creation of the requisite inter-
ferograms has usually limited the utility of holography to sin-
gle interferograms of selected test conditions, with the
interferograms created after the test has been completed. Real-
time techniques such as Mach-Zehnder interferometry systems2
require expensive optics, and need massive structure to reduce
sensitivity to vibration. A new technique, based on the use
of a vibration-insensitive real-time interferometry technique
known as point diffraction interferometry (PDI), avoids these
difficulties, while producing real-time interferograms, thus
permitting on-line, detailed analysis and documentation of
the dynamic stall process.
The point-diffraction interferometer technique used in the
present test is based on the work of Smartt3 as first applied
to compressible flow by Bachalo and Houser,4 combined with
a self-aligning spot generation technique developed by An-
derson and Milton.5 In the present study, performed in the
Compressible Dynamic Stall Facility6 at the NASA Ames
Research Center Fluid Mechanics Laboratory, the primary
optics of an existing schlieren system were used, with a pulsed
Nd:YAG laser replacing the conventional spark as the light
source, and a specially created point diffractor replacing the
usual knife edge. The laser light was expanded through a
microscope objective to fill the schlieren mirror, transmitted
through the test section, and refocused by another schlieren
mirror. The exposed photographic plate used to create the
point-diffraction spot was placed at the focus of this second
mirror, and the laser was pulsed with enough energy to burn
away the emulsion on the photographic plate in the vicinity
of the focal point. This hole was created in situ by passing
light through the test section at a no-flow condition, and was
therefore precisely tailored to the application under investi-
gation, automatically correcting for nonuniformities in the
light source or optics (for further details concerning the im-
plementation of the point-diffraction technique, see Ref. 7).
To obtain interferograms, the tunnel was turned on and the
real-time interference fringes recorded on Polaroid film (ASA
3000) by pulsing the laser at the required angle of attack; the
resultant interferograms were available for immediate view-
ing. This was of great value for analysis of the dynamic flow-
field under investigation, since it permitted rapid review of
the progress of the dynamic stall vortex, and detailed on-line
study of the flowfield as it developed, since any phase of the
cycle could be accessed directly.
Qualitative Analysis of Interferograms
Figure la presents a point-diffraction-interferometer image
of the NACA 0012 airfoil at 0-deg angle of attack in steady
flow at M = 0.40. The fringes seen in this photograph are
constant-density contours, and therefore, constant-pressure
contours (it is possible to compute the Mach number and
corresponding inviscid pressure associated with each of these
densities8). The stagnation point is characterized by the pres-
ence of circular fringes originating at the leading edge. The
fringe pattern is symmetrical on both the upper and lower
surfaces, indicating the flow is symmetric (appropriate for this
airfoil, at 0-deg angle of attack). Since the fringe nearest to
the leading edge encloses the stagnation point, correct Mach
number values can be assigned to each of the fringes appearing
on the airfoil. Some of the fringes generated at the leading-
edge curve downstream, intersecting the airfoil downstream
of the leading edge reflecting the decreasing velocity that
exists on the airfoil surface downstream of the suction peak.
Figure Ib shows the fringe pattern of the NACA 0012 airfoil
passing through 10.65-deg angle of attack, at M = 0.40, for
a reduced frequency k = o)d2Ux = 0.05. The circular fringes
now appear on the lower surface of the airfoil, reflecting the
movement of the stagnation point due to the increase in angle
of attack. The concentration of fringes near the leading edge
shows the strong acceleration that occurs in this region. The
fringes originating near the leading edge again curve back to
the airfoil surface, indicating the presence of adverse pressure
gradient on that part of the surface. The presence of the
boundary layer can be seen by the abrupt turning of fringes
in the downstream direction as they approach the airfoil sur-
face.
Dynamic Stall as Shown by PDI
Figure 2 presents images of the flowfield for six angles
during the upstroke for M = 0.35, A: = 0.05. Figure 2a, taken
at 10.65 deg, is similar to the image discussed above; Fig. 2b,
taken at a = 12.11 deg, shows similar characteristics, indi-
cating that the flow is still attached. Figure 2c shows the
character of the flow at a = 12.54 deg; although the outer
flowfield remains essentially unchanged, the fringes which
rapidly curved back to the surface just downstream of the
leading edge in Figs. 2a and 2b no longer do so. Instead, these
are now displaced downstream, and show much less curvature
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b) a = 16.02°
Fig. 2 Sequence of interferograms showing development of dynamic stall on an oscillating airfoil at selected angles of attack; M = 0.35,
k = 0.05.
until they again come close to the surface, where they abruptly
turn normal to the surface. This is the first indication that
dynamic stall delay (the static stall angle for M = 0.35 is 11.6
deg) has ended, and that the dynamic stall process itself has
begun. Figure 2d shows this flow for a = 12.83 deg; here,
the imprint of the dynamic stall vortex is more clearly delin-
eated. The fringes near the leading edge terminate normal to
the surface, and a few of them are curving against the direction
of flow, showing the formation of a vortex-like structure. For
this case, the outer flowfield is still attached. In fact, the outer
flow fringes pass smoothly around the dynamic stall vortex,
and blend into the boundary layer from 40% chord to the
trailing edge.
At a =13.85 deg (Fig. 2e), the vortex has moved further
down the airfoil, and has grown vertically. Although the in-
terference fringes in the downstream part of the vortical re-
gion still show contours that might be expected from a classical
vortex, the upstream part of the vortical region is much dif-
ferent from that which would be expected from such a vortex.
Instead, all the fringes emanate from the leading edge, and
enclose a fringe-free region above the airfoil surface. Since
this region is vortical in nature, it is not clear that the fringes
are still denoting constant velocity contours deep inside this
region. It should be noted that the outer flowfield was not
changed significantly (as evidenced by the unchanged pressure
field delineated by the observed fringe pattern) until the dy-
namic stall induced flow reached the trailing edge of the airfoil
(shown in Fig. 2f, a = 16.02 deg). This is in agreement with
the lift calculated from integration of instantaneous pressure
transducer readings obtained on the surface during related
dynamic stall tests,9 which show the lift increasing until the
dynamic stall vortex has left the trailing edge.
Conclusions
Real-time interferometry has now been demonstrated for
analysis of unsteady compressible flow on dynamically stalling
airfoils. In contrast to holographic interferometry, real-time
techniques permit immediate review and evaluation of the
resultant interferograms. This capability is a major value in
analysis of dynamic flowfields such as those created by dy-
namic oscillation of airfoils, and dramatically improves the
continuity of analysis of the aerodynamic events; this conti-
nuity is critical to improved understanding of dynamic stall.
The interferograms obtained in the present experiment sug-
gest that the dynamic stall vortex produced by airfoil oscil-
lation in the range of conditions studied does not immediately
produce the symmetric imprint on the density field that would
be expected from a classical vortex. Instead, these images
imply that the dynamic stall develops as a region of strong
gradients enclosing a region of low energy or weak structure,
while still supporting the dynamically modified outer flow
associated with the increase of lift that is typical of dynamic
stall.
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but not radially. Nevertheless, as required by irrotationality,
the average velocity is independent of radius in the far-wake,
which is the situation assumed in the usual one-dimensional
analysis that leads, e.g., to the Betz limit for wind turbines.
If there is no pressure difference across the wake, and the
radius of the tip vortex is much greater than that of the hub
vortex, then the axial momentum equation can be written in
conventional form as
CT = (2)
where CT is the thrust coefficient, and RM is the radius of the
far-wake. A similar analysis gives the equations expressing
conservation of energy and angular momentum. In forming
the latter, the angular momentum Wr, where W is the cir-
cumferential velocity and r is the radius, is replaced by NY I
27T. The equations are
= UJ(Ul - (3)
(4)
where CP is the power coefficient, and / is the advance ratio.
17 is the thermodynamic efficiency, which is not to be confused
with rip, the conventional propulsive efficiency for a propeller.
The relation between the two efficiencies is
Introduction
T HIS Note is concerned with the equations describing thewake of a propeller, wind turbine, or helicopter rotor in
hover or vertical flight. In all cases, the simplest possible
vortex structure in the far-wake (well downstream of the blades)
consists of TV helical "tip" and "hub" vortices. Af is the number
of blades and the quotation marks indicate that these vortices
may have been modified by vortex merger in the near-wake
close to the blades. This structure leads to a straightforward
equation for the axial velocity in the far-wake which is sub-
stituted into the conservation equations for mass, momentum,
angular momentum, and energy. The resulting equations for
the pitch of the tip vortex compare favorably to some mea-
surements for propellers, but less favorably for hovering ro-
tors. The energy equation contains the thermodynamic effi-
ciency whose physical basis is well-founded. For reasons that
are not entirely clear, it appears that the efficiency should
also be included in the torque equation. If this is correct then
the near-wake cannot be force-free.
Development of the Equations
From the analysis of the Biot-Savart law in Ref. 1, the
average axial velocity in the far-wake of a propeller containing
only tip and hub vortices is
r,P = 2r,(l + 17,)-' (5)
£ / „ = ! + M72up, (1)
where F is the maximum bound circulation of each blade, and
pM is the pitch of the tip vortex in the far-wake. All lengths
are normalized by the blade radius and all velocities by the
freestream velocity U0. Note that £/«, is independent of the
details of the hub vortex and that Eq. (1) applies to the ir-
rotational flow that is assumed to fill the region between the
tip and hub vortices. In other words, Eq. (1) takes no account
of the wake of the blades. In deriving Eq. (1), the induced
velocity has been averaged in the circumferential direction,
Received Dec. 11, 1992; revision received May 11, 1993; accepted
for publication July 24, 1993. Copyright © 1993 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved.
*Associate Professor, Department of Mechanical Engineering.
It is common in thermodynamic analyses to include 77 in
the energy equation — Eq. (3) — to account for the irrever-
sible conversion of mechanical into internal energy by the
action of viscosity, but most "aerodynamic" analyses do not
do so, see, e.g., Eq. (11) of Ramachandran et al.2 The ap-
pearance of 17 in the angular momentum equation — Eq. (4) —
is also unusual and requires careful justification. This will be
attempted below.
Comparison with Experiment
If CT and CP are known, then Eqs. (1-4) contain five un-
knowns: Ux, F, px, Rx, and 17.
Knowledge of one of the five renders the equations solvable
for the others, and so allows an assessment of the simple wake
equations. The author knows of no wind turbine wake mea-
surements for which this can be done, but there is sufficient
detail in the four-bladed propeller data of Ref. 3 for a mean
pitch angle of 27 deg. CT and CP were obtained from Figs. 8
and 9, respectively, and Rx from Fig. 5b, all from Ref. 3,
allowing estimates to be made for Ux,T,p^, and 17. The pitch
can then be compared to the experimental results in Fig. 5a,
also from Ref. 3. Combining Eqs. (3) and (4) and using Eq.
(1) gives
(6)
This suggests that the pitch at the blades pl is given by
pl = £70/277
where conservation of mass gives the velocity at the blades
as Ul = UxRi. Equations (6) and (7) are shown in Fig. 1 to
be a reasonable fit to the data. Generally, both are an im-
provement on the "light-loading" approximation p = J/ir,
see, e.g., Eqs. (1-3) of Hess and Valerazo.4 Equation (7)
crosses the Jlir line because Ul < I for the two highest values
of / (and Ul ~ 1 for the third). This physical impossibility
may well be a consequence of the crudeness of the present
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